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Abstract
Most lighting can be accurately modeled using a sim-
pliﬁed Planckian function. If we form logarithms of color
ratios of camera sensor values, then in a Lambertian
plus specular two-lobemodel of reﬂection the temperature-
dependent term is separate and is seen as a straight line:
i.e., changinglightingamountstochangingeachpixelvalue
in a straight line, for a given camera. Here we use a 4-
sensor camera. In this case, forming color ratios reduces
thedimensionalityto3. Applyinglogarithmsandprojecting
ontotheplaneinthe3Dcolorspaceorthogonaltothelight-
change direction results in an image representation that is
invariant to illumination change. For a given camera, the
position of the specular point in the 2D plane is always the
same, independent of the lighting. Thus a camera calibra-
tion produces illumination invariance at a single pixel. In
the plane, matte surfaces reduce to points and speculari-
ties are almost straight lines. Extending each pixel value
back to the matte position, postulated to be the maximum
radius from the ﬁxed specular point, at any angle in the 2D
plane, removes specularity. Thus images are independent
of shading (by forming ratios), independent of shadows (by
making them independent of illuminationtemperature) and
independent of specularities. The method is examined by
forming 4D images from hyperspectral images, using real
camera sensors, with encouraging results.
1. Introduction
The association of specularity detection with 4-band im-
ages has a long history (cf. [3]). Here we wish to accom-
plish a great deal more than suppression of specularities,
however, but again using a 4-band image acquired using a
4-sensor imaging device. We wish to recover an image rep-
resentation which is, ﬁrstly, based on ratios of color bands,
a type of chromaticity, so that image components which are
derived from a Lambertian model are independent of shad-
ing and illuminant direction. As recognized by Lee [7], in
a dichromatic model with neutral interface model for spec-
ular color since color equals the matte color plus a contri-
bution deriving from specularities given by the illuminant
color, chromaticity plots consist of one point for the matte
component of each surface, with a line indicating specular
content. All such lines point to the specular color.
Though the structure of specularities is thus simple to
model in chromaticity space, ﬁnding the specular color and
removing specularities from images is hard to do [7]. One
way round this problem is to assume a known whiteillumi-
nant [6]. In this case, the specular color is always found in
the same place and as such it is a simple matter to derive
a function of chromaticity that is independent of lighting
geometry and specularity.
Of course, we would prefer not to constrain the light
color. This is in fact what we achieve in this paper.
Here we show how, in a 4-sensor camera system, it is
possible to make the specular color independent of light-
ing. To do so, we adopt a near-Planckian model for light-
ing, which describes many lightsextremely well. Then tak-
ing logs of color ratios, the lightingcolor itself appears as a
simple additive term, times the inverse temperature. If we
start with color 4-vectors, and then divide by the geometric
mean of the four values, we have independent color values
given by 3-vectors. Thus the lightingdirection part that de-
pends on temperature is itself a 3-vector that depends only
on the camera used.
By projecting orthogonal to the light direction we pro-
ducean imagerepresentationindependentofthelight. Thus
we end up with a camera calibrationthat removes illumina-
0tion dependence and also drives all images into the same
lighting,with the same specular point.
Previously, Finlayson et al. [4] utilized RGB log color
ratios to remove dependence on illuminant color for matte
images: there, starting with 3-vector color, forming ratios
reduces the vector values to 2-vectors. Then in the plane,
changes in Planckian lightingtemperature generate approx-
imate lines in 2-space. The single direction orthogonal to
this set of lines gives a grayscale image, independent of
shading and of illumination temperature, and hence resis-
tant to shadowing. This was shown to be highly useful for
image indexing.
Here, we start with 4 dimensions. Forming logs of ra-
tios reduces the dimensionalityto 3, and projecting intothe
plane orthogonal to the lighting direction (ﬁxed, for a par-
ticular camera), gives generalized color 2-vectors. Here we
consider specularities as well. In the 2-space, speculari-
ties are approximately linear streaks pointing to the spec-
ular point. Therefore we suggest the simple expedient of
replacing each 2D color by the maximum 2-vector position
at its direction from the specular point: pixels that include
matteplus specular contributionsare drivenoutto thematte
point. Although the generalized color images achieved this
way are in fact still two-dimensional, we can rotate back
into the original 3D color space of generalized colors (logs
of color ratios) and produce RGB color images that are tied
to the original generalized color directions. Resulting im-
ages are approximately independent of shading, shadows,
lighting,and specularities.
Note here that we acquire all four bands at once, and do
not use four separate photometric images (cf. [3, 8]). The
use of the logarithmof color ratios is not new: Berwick and
Lee used a 2D color space of logs of band ratios, taking
3D color into 2D chromaticities [2]. Under the assump-
tion that a diagonal transform models illumination change,
in 2-space a lighting change is modeled by a translation.
In a sense, the present work extends that idea but explicitly
calculates what a particular camera would see, under light-
ing change. Using higher dimensionality for sensors, we
can approximatelyeliminatelightingchange directly,rather
than searching for it.
Gevers et al. classify pixels into highlight and matte
but making the assumption that illuminationis equi-energy
white [6]. However, illuminationwhich is “white” may ap-
pear to a camera anything but white — e.g., tungsten light-
ing is quite red.
Since we do not in fact have available a 4-sensor camera,
we develop images to test the ideas presented here by syn-
thesizing 4-band images from hyperspectral images, em-
ploying real camera sensors. However, we point out that
4-sensor cameras do exist: some video cameras have Cyan,
Magenta Yellow and Green sensors. So assuming these
sensitivitiesarelinearlyindependent,themethodspresented
here are directly applicable.
Here we use the measurements presented by Brelstaff
and colleagues [10]. These images are subject to all the
noise that would accompany captured images, along with
additional problems due to image registration and lens cor-
rections. Resultsare quitegood: weﬁndthat shading,shad-
ows, and specularities are greatly attenuated.
2. Theory and Proof in Principle
2.1. Planckian Lighting and Two-Lobe Reﬂection
Model
Suppose we consider a fairly narrowband camera, with
four sensors. We actually do not have a 4-sensor camera,
so instead we use the measured sensors for a real camera
and replicate and shift one of the sensor curves. Here we
use a Sony DXC-930 3-CCD camera. Fig. 1 shows the sen-
sor responses for this camera; however since we require a
4-sensor camera, we augment the sensor set by replicating
the Blue sensor response, multiplied by 0.75 and shifted to
the right by 70 nm. Below, we investigate how the Planck-
ian assumption impacts models of image formation using
a 4-sensor delta-function sensitivity camera. However, it
is evident that the real sensors are far from idealized delta
functions: each is sensitive to a wavelength interval over
100nm in extent. Nevertheless, as we shall see, they behave
sufﬁciently like narrowband sensors for our theory to work.
To be able to fully understand results of our assumption,
let us start with a synthesized image. For a simple test im-
age consisting of three shaded spheres, with surface colors
equaltopatches 1,4, and9(darkskin,moderateolivegreen,
moderate red), of the Macbeth ColorChecker [9], under il-
luminant D65 the matte image in a Lambertian model is as
in Fig. 2(a), where we have normalized sensor curves so
that they sum to unity — the curves are color balanced for
equi-energy white light. Here, the three components cor-
responding to RGB are shown, but the image is actually
4-dimensional (for full-size images see [1]).
Now consider adding a very strong specular spike for
each surface. Using a simple Phong specular model with
roughness 0.05 and multiplicative factor 1.0, one sees
Fig. 2(b). For visualization, consider a histogram-equalized
version,Fig.2(c). Toseehowstronglythespecularspikeaf-
fects pixel values, Fig.2(d) shows thered channel response,
for the ﬁrst sphere.
Now let us consider image formation for a general
reﬂectance function comprising Lambertian and specular
parts. For the Lambertian component: suppose there are
i =1 ::L lights, each with SPD Ei() given by a good ap-
proximationof a Planckian source [15], with
Ei()=I i c 1  − 5 e − c 2 = ( T) (1)
1in directions a i with intensity Ii. If the surface projecting
to retinal pointx has spectral surface reﬂectance S() then,
for a 4-channel delta-function narrowband sensor camera
with spike sensor sensitivities qk = qk(k), k =1 ::4,t h e
4-vector response would be
k =
PL
i=1 c1a i  n S(k)Ii−5e−c2=(kT) qk
=
hPL
i=1(c1Iia i)
i
 n S(k)−5e−c2=(kT) qk
 e a  n S(k)−5e−c2=(kT) qk : (2)
For the specular component: Suppose the surface’s re-
ﬂectance map falls in the m–lobed class [13]. This class
consists of the constant, plus j =1 ::(m − 1) terms of the
form j(p T
j n ) withj a non-negative, monotonicallyde-
creasing function. Further, the vector p j must lie in the
principal plane formed by the light direction and the vec-
tor n
S half–way between the illuminant direction and the
viewer. E.g., the Torrance–Sparrow model [14] can be writ-
ten in terms of a function with p  n
S. Clearly the
Lambertian model also falls into the m–lobed class, with
p j  a , the lightsource direction.
For color images, consider a simple dichromatic model
[11], whereby reﬂectance is comprised of a diffuse or body
term plus a surface (specular) term. The specular term is
effectively 1-lobe if all the lights have the same SPD: in
general,
 Specular =
L X
i=1
b
i
S(n i
S
T n ) ; (3)
where b
i
S is the color of the specularity for the ith light. In
the Phong specular model [5],
(n
S
iTn)=( n
S
iTn) N : (4)
Butinaneutralinterfacemodel[7], thecolorofthespec-
ular term is
b
i
S  color of the light. (5)
Hence for Lambertian plus Specular reﬂectance, we arrive
at a 2-lobemodel:
k =
h
e a  n S(k)+
P L
i =1 c1Ii(n i
S
T n )
i
−5e−c2=(kT) qk : (6)
For each pixel, the second term in the brackets is a constant,
, say, that depends only on geometry and not on the light
color. Therefore we have
k =[ e a n S (  k )+ ]  − 5 e − c 2 = (  k T )q k (7)
with possibly several specular spikes on any surface.
If we deﬁne
 = =(e a n ) ; (8)
then our ﬁnal expression is quitesimple:
k =( e a n )[S( k)+ ] − 5e − c 2= (  kT)q k;k=1 ::4
(9)
2.2. Log Color Space
Forgenerality,weconsiderp−channel sensor values; the
above equationholds, independentof thenumber ofcamera
channels.
Nowconsider band-ratiochromaticitiesrk deﬁned as the
ratio of the ﬁrst p − 1 sensor values k, k =1 ::(p − 1),
divided by the last sensor value p. Here, we use p =4 ,s o
our chromaticities are 3-vectors:
rk =
k
p
;k =1 ::(p− 1) : (10)
Sincewe divide, theshadingterm (e a n ) is removed. Tak-
inglogarithms, wecan concisely state theresultby deﬁning
several terms:
ek = −c2=k ;s k =S (  k );
u k = − 5
k q k;w k =l o g ( u k =up) :
(11)
Then we have
logrk =l o g

s k + 
s p + 

+w k+( e k− e p )1
T;
k =1 ::(p− 1) :
(12)
The meaning of the above expression is that, for every
surface patch, with geometric parameter ,t h e( p−1)-
vector is formed as a constant vector plus a vector (ek −ep)
times the inverse temperature: as lighting changes (i.e., as
temperature T changes), pixel values are constrained to a
straight line in log color space, as in Fig. 3(a).
2.3. Broadband Sensors
Forbroadbandsensorsthep-sensorcolormustbeformed
by integration, since our sensors are no longer delta func-
tions:
k =(e an)
Z
[ S (  )+ ] − 5e − c 2= ( T)qk()d
(13)
with p sensor functions qk(), k =1 ::p.
While we maintain the calculation of ratio values as in
eq. (10) and calculate log values logrk as above as well, in
principle we now replace the deﬁnitions of parts of the log
ratios by:
k =
R
qk()d ;
ek =1 =k
R
−c2=qk()d ; sk =1 =k
R
S()qk()d ;
uk =
R
−5
k qk()d; and wk =l o g( u k=up) : (14)
2.4. Geometric Mean Log Color Space
Division by a single color channel can be replaced by
division by the geometric mean of all p channels, with in-
crease in robustness to noise. Suppose we deﬁne the mean
M by
M = p
q

p
k=1 k : (15)
2Then, with rk = k=M, from eq.(9) we have
logrk =l o g

s k+ 
s M+ 

+w k+( e k− e M )
1
T
(16)
for k =1 ::(p−1),w h e r ew es e t
e M =− c 2=p
Pp
j=1 j ;u M=


p
j =1
−5
j qj
	1=p
;
wk =l o g ( u k =uM) and we deﬁne
sM +  


p
j=1(sj + )
	1=p
:
(17)
We shall use this version in the following.
2.5. Recovery of Log Light Vector
Toﬁndthevector (ek−eM), we imagematte Lambertian
color patches. Here we use the 18 non-gray patches of the
Macbeth ColorChecker [9]. We form logrk values using
temperatures T from 5500Kt o10500K.
According to eq. (16) (with no specular contribution),
for each surface we should see a set of points in 3-space
that falls on a straight line along (ek − eM). Thus for each
surface, if we then subtract the mean in each channel of
logrk, we see a set of nearly coincident lines through the
origin,as in Fig 4 (plotted as 2D projections).
Therefore, as pointed out in [4] in a 2D setting, we can
ﬁnd vector (ek − eM) by forming the covariance matrix of
logrk values and calculating eigenvectors. The ﬁrst eigen-
vector is exactly the desired approximation of (ek − eM).
3. Recovery of Image with no Shading or Spec-
ularities
3.1. Removal of Illumination Dependence
As a generalization of Finlayson and Hordley [4], we
can remove the effects of lighting temperature, and hence
of shadows, by projecting in (p − 1)-space onto the plane
orthogonalto the vector (ek − eM). Similarly, all the other
vectors in eq.(12) are (p − 1)-vectors. If p =4 , then, all
vectors live in a 3-space.
Suppose the projector ontothe vector (ek −eM) itselfis
Pe =( e k− e M )(ek − eM)T =kek − eMk2 : (18)
This is a (p − 1)  (p − 1) matrix. Then the projector onto
the subspace orthogonalto (ek − eM) is [12]
P
?
e = I − Pe (19)
Such a projector has only (p − 2) nonzero eigenvalues; for
our p =4sensor value space, we are projecting onto a 2-
space.
We can rotate the coordinate frame into the plane by
formingtheeigenvectordecompositionoftheprojectorP ?
e :
P ?
e =( U ?
e) Tdiag(1;1;0) U?
e : (20)
Then U?
e is a rotation matrix taking us into the plane; we
make use of onlythe 23portionofU?
e , in order to discard
components in the (ek − eM) direction. This is the same as
using the projector P ?
e : the projector equals transforming
into the plane coordinate frame using the 2  3 matrix U?
e
and then transformingback to theoriginalcoordinateframe
using the 3  2 matrix (U?
e )T.
This is just what is wanted because as much as possible,
wewouldliketocontinueassociatingtheratiossk=sM with
the original directions of these quantities, so that when we
come to reconstitute images, pixels’ colors are as close as
possible in meaning to the actual colors we started with.
Rotating back with a 3  2 matrix (U?
e )T will accomplish
this: although we stillonly have values that derive from the
plane, and so are not truly 3D, we can view the pixel values
as 3D colors nonetheless. Therefore we choose some set
of basis vectors in the plane, and project into the plane —
thus removing dependence on illumination. Then we rotate
back into the original ﬁrst p − 1 generalized color axes, as
in Fig. 3(b).
Fig. 5(a) shows how projected log ratios for Fig. 2(b)
appear in the 2D space resulting from projecting into the
plane orthogonal to vector (ek − eM). Now all similarly
colored mattepointsproject onto the same point in 2-space.
However, independent of temperature T, specularities are
spread out in 2-space according to
U?
e log

sk + 
sM + 

+ U?
e wk : (21)
Theﬁrsttermaboveisthelogofastraightline. However,
most of the points on the line will concentrate around the
matte point: for pixels with very littlespecular content, the
projected 2-vector is at the matte point, shown in Fig. 5(a)
for each object as ‘M’.
For highlyspecular points, theprojected 2-vector is near
the specular log color, shown as ‘S’ in Fig. 5(a). The specu-
larcoloris theprojectionofthe3-vectorwk+(ek−eM)=T,
so the projected specular color is U?
e wk. Notethat the pro-
jectedspecular pointisthesamenomatterwhatthelighting
is, provided the illuminationis well-described by a Planck-
ian model. Matte colors are given by the projection of 3-
vectors log(sk=sM).
Most pointsthat make up the observablecurve in thelog
of the straight line (sk + )=(sM + ) are due to pixels in
the highly specular part of the image. For these, the curve
asymptotically approaches values
log[(sk + )=(sM + )] ! 1=(sk − sM) (22)
3as (1=) becomes small, so that near the specular point the
curve approaches a straight line even in log space.
As we shall see later, the specular curves tend to be fairly
straighteven quitefar fromthespecular point. This may not
be altogether surprising if we examine (22) a little closer.
Value sM is the geometric mean of the p-sensor responses.
Iffor a moment we letp=3 and so considertheconventional
RGB camera case we see that sM =0when R=0, or G=0,
or B=0, and hence when R and G=0, or R and B=0, or G
and B=0. It is easy to show that for these cases the spec-
ular line is a line in log and non-log space. The specular
curves for other surfaces are constrained to lie between the
straight specular lines for the basic colors and this effec-
tively bounds the maximum curvature of the lines.
For our 4-sensor analysis, there are 14 basic colors (i.e.,
24 − 2) which have provably straight specular lines in log
and non-logspace. Because all other specular curves lie be-
tween pairs of basic specular lines theextent of thepossible
specular curvature, the possible departure from linearity, is
very limited indeed.
3.2. Recovery of Matte Image Representation
We have calibrated for the projector P ?
e simply using
matte patches (as in Finlayson and Hordley [4]). As well,
one can obtain the projection of the wk vector easily by (1)
imaginga lightsource, and then (2) projectingonto2-space
the result of forming the 3-vector log chromaticity. How-
ever, even without subtracting U?
e wk, but instead just pro-
jecting log chromaticities logrk, one can recover an image
representation free from specularities. For our simple im-
age, clearly the right course is to attempt to get as close to
pointmarked ‘M’ as possible, by lengtheningvectors in the
direction from the specular point out to a maximum radius
from that point.
If we did so for a maximum overall radius, we would
arrive at approximately three spots on the maximum-radius
circle. This way, we end up with a 2-vector representation:
the two components are of course not independent, since
the invariant is in fact the angle formed by each of the lines
in Fig. 5(a). Thus a grayscale specularity-free image can
easily be derived as the image made from angles formed
by vectors from the specular point to log color ratio values.
This would be in keeping with the grayscale invariant im-
ages produced in [4]. However since we do have 3D color
correlates here, we instead choose to maintain a 3D space.
A better approach than using a single circle would be to
ﬁnd the maximum radius for every small increment of an-
gle. For our simple image, this means ﬁnding three circles,
as in Fig. 5(b).
Foramorecomplex image, theideaofusingradiisimply
amountstoﬁndingthemaximum radiusat each angle for all
image points in the 2D log color space, and then replacing
each radius at that angle with the maximum. This means
representingevery pixelat thesame anglefromthespecular
center by the same log chromaticity — all points with the
same color end up at the same radius.
Since we are still in a log color space, it makes sense
to exponentiate the P ?
e logrk values, in order to return
to color units. The resulting image is as in Fig. 5(c) —
the (U?
e )T rotation takes us back to 3D colors. Using the
maximum-radius projected log ratio vector to characterize
every pixel of the same ratio, for our simple exemplar im-
age we use three circles, as in Fig. 5(b). Fig. 5(c) shows the
recovered generalized color image, almost without shading
or specularities. The worst sphere is the middle one, with
red channel shown in perspective in Fig. 5(d). Specularities
have been reduced to a remarkable degree.
4. Real Images
4.1. Use of Hyperspectral Images
Since we are using a theoretical camera, derived from
the Sony DXC-930 camera, we can devise real images by
makinguseofhyperspectralimages acquiredusingmultiple
narrowband ﬁlters, and synthesize a real, but composed im-
age that approximatelycomprises what thecamera in Fig. 1
would record from a real scene.
Here we use images derived from 31-band hyperspectral
imagecaptures duetoBrelstaffet al. [10]. Fig. 6(d)shows a
color image as itwouldappear for a camera balanced for the
actual illumination,which is tungsten lighting(very similar
to a Planckian with T=3000). In contrast, Figs. 6(a,b) show
theimageas itwouldbeacquiredbyour4-sensorcamera, in
the ﬁrst three bands and the fourth band, respectively. The
lighting is very red, but the camera is balanced for equi-
energy whitelight, so the acquired image is very red.
The image has a Kodak Graycard at one corner: this ap-
proximately reﬂects 18% radiance. Fig. 6(c) displays the
radiance spectrum reﬂected from the Graycard: a Planckian
with T=3000 is also shown as a solid curve.
Fig. 7(a) shows thepixels for the 4-band image, in terms
of their log-ratios projected onto the 2D color space. The
ﬁgureshows therecovered specular pointviacrosshairs; the
dashed crosshairs show the position of the projected com-
ponents of the Kodak Graycard.
In terms of a 1D angle image, these projected values, as
vectors from thespecular point,show angles as in Fig. 7(b).
Here pixels with radiiless than the 10thquantileaway from
the specular point have indeterminate angle and have been
re-mapped to the specular point. In comparison, Fig. 7(c)
showsthehistogram-equalizedversionofFig.6(b). Clearly,
the 1D angle image which attempts to remove shading,
shadows, and specularities does a superior job in regards
to image understanding.
4Finally, Fig. 7(d) shows the exponentiated color image
when each generalized color is forced to the maximum
value, for the particular angle that the generalized color
makes with the specular point. This image has successfully
almost removed the effects of shading, shadows, and spec-
ularities,and as well is invariant to changes in lighting.
Pixels that are very close to being specular in color must
necessarily be mapped to the specular point. E.g., in the
original 4D image the graycard has the chromaticity of the
illuminant. Figs. 8(a,b) show in detail the specularity on a
leaf, in the four channels. In Fig.8(c), we plot color values
for pixels in the subimage, in blue circles, along with the
colorsobserved from thegraycard, shown as red points. We
observe that there are pixels from the leaf that have colors
indistinguishablefrom the specular, and these are necessar-
ily mapped to the specular generalized color rather than to
the matte generalized color.
Nevertheless the result is very successful: shadows and
specularities have been greatly attenuated, and we are left
with a representation of image matte values independent of
these artifacts, as well as of shading. Such an image is pre-
cisely what is needed for database search. Fig. 9 shows fur-
ther results, all about as good as the one studied in detail
above.
5. Conclusions
Images without shading, shadows, or specularities are
very useful in database search (cf. the excellent results
achieved in [4] using grayscale images similar to the
grayscale angle images we produce here). As well, gen-
eralized color representations of images may be useful for
invariant characterization of the intrinsic data in the image.
Shading information, specularities and shadows are recov-
erable, so it should be possible to reconstruct images of
faces, say, under different lights than used in image acqui-
sition.
Here we decided to drive every pixel back towards the
matte pointby replacing 2D generalized colors in log space
by the generalized color at the maximum radius for a given
angle from the specular point. Clearly other schemes may
be possible. We did ﬁnd that the algorithm seems to be
fairly independent of the size of angular wedge chosen in
which to ﬁnd a maximum radius. We usually used wedges
of size 4 degrees. Results show that the algorithm oper-
ates as a kind of automaticsegmentation routine: colors are
correctly generated for parts of ﬂowers etc. hiding in the
background that the eye can easily miss.
Of course, the present analysis can be simply extended
to higher dimensional sensor sets. The truly invariant part
ofthe present 4D!1Danalysis istheangleinthe2D plane;
or, in other words, a circle of generalized colors in that
plane. If we started with 5D sensors instead, then the set of
generalized colors recovered would be essentially 2D, i.e.,
they would live on a sphere. And starting with 6D sensors,
we would recover a fully 3D invariant image. The basic
contribution of the paper is that, without needing to know
the sensor curves themselves, we can calibrate a higher-
dimensional camera to eliminate lightingartifacts.
References
[1] Full-size images may be viewed at
http://www.cs.sfu.ca/mark/Iccv01.
[2] D. Berwick, S.W., and Lee. A chromaticity space for
specularity-, illumination color- and illumination pose-
invariant3-dobjectrecognition. In ICCV98,pages165–170,
1998.
[3] E. Coleman and R. Jain. Obtaining 3-dimensional shape of
textured and specularsurfaceusing four-source photometry.
Comp. Graphics and Image Proc., 18:308–328,1982.
[4] G. Finlayson and S. Hordley. Color constancy at a pixel. J.
Opt. Soc. Am. A, 2001. To appear.Also, UK Patent applica-
tion no. 0000682.5.Under review, British Patent Ofﬁce.
[5] J. D. Foley, A. van Dam, S. K. Feiner, and J. F. Hughes.
Computer Graphics: Principles and Practice. Addison-
Wesley, 2nd edition, 1990.
[6] T. Gevers and H. M. G. Stokman. Classifying color transi-
tions into shadow-geometry, illumination, highlight or ma-
terial edges. In ICIP 2000, pagesI.521–524.IEEE, 2000.
[7] H. Lee. Method for computing the scene-illuminant chro-
maticity from specular highlights. J. Opt. Soc. Am. A,
3:1694–1699,1986.
[8] S. Lin, S.W., and Lee. Estimation of diffuse and specular
appearance. In ICCV99, pages 855–860,1999.
[9] C. McCamy, H. Marcus, and J. Davidson. A color-rendition
chart. J. App. Photog.Eng., 2:95–99,1976.
[10] C. Parraga, G. Brelstaff, T. Troscianko, and I. Moorhead.
Color and luminance information in natural scenes. J. Opt.
Soc.Am. A, 15:563–569,1998.
[11] S. Shafer. Using color to separate reﬂection components.
Color Res. Appl., 10:210–218,1985.
[12] G. Strang. Linear Algebra and its Applications. Harcourst,
Brace, Jovanovich,3rd edition, 1988.
[13] H. Tagare and R. deFigueiredo. A framework for the con-
struction of general reﬂectance maps for machine vision.
Computer Vision, Graphics, and Image Processing: Image
Understanding,57:265–282,1993.
[14] K. Torrance and E. Sparrow. Theory of off-specular reﬂec-
tion from roughened surfaces. J. Opt. Soc. Am., 57:1105–
1114,1967.
[15] G. Wyszecki and W. Stiles. Color Science: Concepts and
Methods, Quantitative Data and Formulas. Wiley, New
York, 2nd edition, 1982.
51111111111111111
1
1
111
1
111111111 2222222222
2
2
222
2
2
2
2222222222222
3
3
3
3
33
3
3
3
3
3
33333333333333333333 4444444
4
4
4
4444
4
4
4
4
4444444444444
SONYDXC930, with Extra Sensor
400 450 500 550 600 650 700
Figure 1. Four-sensor broadband camera.
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(a)             
(b)             
(c)
Figure 2. (a): Matte image, under (ﬁrst three of a set of four) broadband sensors. (b): Image including
specularities,forﬁrstthreesensors. (c):Imagewithspecularity, histogramequalized. (d):Lambertian
plus specular.
7Log Color (p-1)-Space
a Two surfaces, at two different values of 
(a)
Log Color (p-1)-Space
a Two surfaces, at two different values of 
(b)
Figure 3. (a): Pixels, including those with specular content, are formed by adding a vector in the (ek −
eM) direction. (b): Points are made independent of lighting by projection onto the plane orthogonal
to (ek − eM); the original generalized color directions are kept the same by rotating back into the
original log color space directions.
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Figure 4. Calibration using Lambertian patches: mean-subtracted logrk lines are nearly conincident
(here 2D projections are plotted).
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Figure 5. (a): Projected 2D log color ratios. (b): Using the maximum log ratio radius in each direction
in log space.
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(c)
(d)
Figure 5. continued. (c): Recovered generalized color image without shading, specularities, and
independent of lighting. (d): Recovered Red generalized color image, for second sphere.
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(a) (b)
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(c) (d)
Figure 6. (a): Synthetic image derived from hyperspectral images: RGB = ﬁrst three bands. (b):
Fourth band. (c): Radiance from Kodak Graycard: solid line shows Planckian illumination at T=3000.
(d): Image as it would be acquired by a color-balanced RGB camera.
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Projected Log Ratios for Hyperspectral-Derived Image
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0
(a) (b)             
(c)
            
(d)
Figure 7. (a): Log ratio pixel values, projected into 2D color space. (b): Angle image for log ratios,
calculated from specular point. (c): For comparison, the histogram-equalized version of Fig. 6(b).
(d): Generalized color image, with each generalized color driven to the maximum at each angle from
the specular point.
13            
(a) (b)             
(c)
Figure 8. (a,b): Sub-image for a specularity, in the four channels. (c): Pixelsvalues (for two channels):
Specularity in blue circles, Graycard in red points— some specularity pixels are identical to graycard
points.
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(a) (b)             
(c)
            
(d)             
(e)
            
(f)
Figure 9. RGB images and corresponding invariant images derived from 4-sensor data.
15            
(g)
            
(h)             
(i)
            
(j)             
(k)
            
(l)
Figure 9. continued. RGB images and corresponding invariant images derived from 4-sensor data.
(Full-size images may be viewed at [1].)
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